CD4+ and CD8+ T subsets are essential components of the adaptive immune system which act in concert at the site of infections to effectively protect against pathogens. Very limited data is available in humans regarding the relationship between CD4+ and CD8+ S. Typhi responsive cells in the terminal ileum mucosa (TI) and peripheral blood following Ty21a oral typhoid immunization. Here, we compared TI lamina propria mononuclear cells (LPMC) and peripheral blood CD4+ and CD8+ T memory (T M ) subsets responses and their relationship by Spearman's correlation following Ty21a immunization in volunteers undergoing routine colonoscopy. We observed that Ty21a immunization (i) influences the homing and accumulation of both CD4+ and CD8+ T cells in the TI, particularly integrin α4β7+ CCR9+ CD8+ T cells, (ii) elicits significantly higher frequencies of LPMC S. Typhi-responsive CD8+ T multifunctional (CD107a, IFNγ, IL-17A and/or MIP1β) cells than their CD4+ T counterparts, and (iii) results in the correlation of LPMC CD4+ Teffector/memory (T EM ) S. Typhi responses (CD107a, IFNγ, TNFα, IL-17A and/or MIP1β) to their LPMC CD8+ T EM counterparts. Moreover, we demonstrated that these positive correlations between CD4+ and CD8+ T EM occur primarily in TI LPMC but not in PBMC, suggesting important differences in responses between the mucosal and systemic compartments following oral Ty21a immunization. This study provides the first demonstration of the correlation of S. Typhi-specific CD4+ and CD8+ T M responses in the human terminal ileum mucosa and provides valuable information regarding the generation of mucosal and systemic immune responses following oral Ty21a-immunization which might impact future vaccine design and development.
Introduction
The etiological agent of typhoid fever, Salmonella enterica serovar Typhi (S. Typhi), is a human restricted pathogen that rapidly and efficiently infects the intestinal mucosa. S. Typhi infection constitutes a major global health threat with an estimated 20.6 million cases of typhoid fever annually resulting in approximately 223,000 deaths worldwide. [1] [2] [3] [4] Furthermore, the emergence of multi-drug resistant 5 and extensively drugresistant (XDR) strains (e.g. H58 S. Typhi strain 6 ) in various parts of the world requires renewed efforts to tackle the disease. In addition, given its potential to cause high morbidity and mortality via contaminated food and water supplies, S. Typhi could potentially be used as a bio-terror agent. Thus, the development of more effective typhoid vaccines is urgently needed and paramount to thwart these threats. All of the currently licensed typhoid vaccines have limitations. Ty21a is the only licensed live attenuated oral vaccine which generates only modest immunogenicity, but confers a moderate level of long-lived protection (60-80%, 5-7 years). [7] [8] [9] On the other hand, the purified Vi capsular polysaccharide vaccine is well tolerated but moderately immunogenic. 4, 10 Of significance, both vaccines are not recommended for young children, a particularly susceptible age group. 11, 12 Recently, a Vi-tetanus toxoid (Vi-TT) conjugate vaccine was prequalified by the World Health Organization for introduction into areas of high incidence of typhoid fever 13, 14 because Vi-TT have the ability to induce immunity even in young children (<2 years).
14 However, the effectiveness of the Vi-TT vaccine in the field have just started to be evaluated and nothing is known regarding the longevity of the elicited immune responses. Moreover, this vaccine will not be effective in protection from S. Paratyphi A and S. Paratyphi B, the causative agents of Paratyphoid fevers, which do not express Vi. Therefore, it is important to continue the development of effective new typhoid vaccines that will provide durable, long-lasting protection in vulnerable populations and that also confers broad-spectrum protection against other enteric Salmonella infections such as S. Paratyphi A, for which no vaccines are available. However, the development of novel vaccines have been hampered by an incomplete lack of understanding of the immune effector and memory responses responsible for protection (correlates of protection -CoP), particularly in the gut microenvironment mucosa (site of infection).
One of the most serious complications of typhoid fever is intestinal perforation which occurs mainly in the terminal ileum (TI) (in~78% of perforation cases). Duodenal and CONTACT Marcelo B. Sztein msztein@som.umaryland.edu Center for Vaccine Development and Global Health, University of Maryland School of Medicine, Baltimore, MD 21201, USA appendiceal (<2% of cases) perforations have rarely been reported. 15 These clinical data suggest that the human TI is the favored intestinal active invasion site for S. Typhi. 16, 17 While the human gastrointestinal tract exemplifies an area of high antigenic exposure and contains a vast amount of total body lymphocytes (~60%), our understanding of the intestinal mucosal immunity is poor, particularly with respect to the events in the generation and maintenance of CD4 and CD8 T cells after oral immunization in humans. This gap in knowledge is hampering the rational development of new oral vaccines, not only for S. Typhi, but also other enteric fevers (e.g., S. Paratyphi A, S. Paratyphi B), non-typhoidal Salmonella (e.g., S. Typhimurium, S. enteriditis), Shigella, Enterotoxigenic E. coli (ETEC) and other enteric bacteria.
The induction of humoral and CMI responses have been comprehensively studied in peripheral blood mononuclear cells (PBMC) obtained from healthy volunteers following immunization with 4 doses of Ty21a. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] These studies revealed that live oral S. Typhi vaccines elicited both CD4+ and CD8+ T cell responses, including IFNγ, cytotoxic T cells (CTL), proliferation, and multifunctional (MF) antigen-specific cytokine-producing cells, 18, 20, 25, [27] [28] [29] [30] which might play an important role in long term immunity. We have also reported that Ty21a elicits S. Typhispecific CD4+ and CD8+ T cell responses in PBMC by various T memory (T M ) cell subsets, including T central/memory (T CM ), T effector/memory (T EM ), and CD45RA + T EM (T EMRA ) . 21, 31 These responses were predominantly in the T EM and T EMRA subsets with low magnitude responses also observed in CD4+ and CD8+ T CM subsets. 27, 30, 31 Furthermore, S. Typhi-specific MF cells were increased in both CD4+ and CD8+ T EM and T EMRA subsets post-vaccination albeit with differences in response between subsets. However, these detailed CMI responses were all evaluated in peripheral blood.
Limited information is available regarding the induction of CD4+ and CD8+ T cells to S. Typhi in the human intestinal mucosa. 32, 33 Recently, we have reported that live oral Ty21a immunization elicits CD4+ T M 34 and CD8+ T M 35 S. Typhispecific responses in human terminal ileum specimens. These studies showed that oral Ty21a vaccination elicited significantly increased lamina propria mononuclear cells (LPMC) CD4+ and CD8+ T cell responses, including IFNγ, IL-17A, cytotoxic T cells (CTL), and multifunctional (MF) antigen-specific cytokineproducing LPMC. 34, 35 We also observed that Ty21a-immunization induced S. Typhi responsive LPMC CD4+ and CD8+ T cells in all major T M subsets albeit with some unique properties (e.g., IFNγ and IL-17A in CD4+ T EM ; IFNγ and macrophage inflammatory protein (MIP)-1β in CD4+ T CM ; and IL-2 in CD4+ T EMRA ). Furthermore, we found that LPMC CD4+ and CD8+ T EM responses were mostly MF, except for cells exhibiting the characteristics associated with IL-17A (for CD4+ and CD8+), TNFα (for CD4+) and CD107a cytotoxic (for CD8+) responses. Finally, we reported that the characteristics of the S. Typhi-specific responses for both CD4+ and CD8+ T EM in the mucosa only partially overlap with their systemic counterparts. 34, 35 However, to our knowledge, there is sparse data in blood and no data in the TI mucosa detailing the correlation of CD4+ and CD8+ T M subsets induction on an individual basis in both tissues following immunization with the live attenuated oral vaccine Ty21a (henceforth Ty21a).
For these reasons, in this study we compared and correlated the expression of homing molecules on CD4+ and CD8+ T obtained from TI-lamina propria mononuclear cells (LPMC) and blood (PBMC) from Ty21a-vaccinated and unvaccinated volunteers. We next compared and correlated CD4+ and CD8+ T EM single and multifunctional S. Typhi-specific responses in LPMC and PBMC obtained from the two groups of volunteer following stimulation with autologous target cells infected with or without wt S. Typhi. Finally, we determined the correlation between CD4+ and CD8+ T CM and T EMRA responses following Ty21a immunization. These comparisons provide unique insights into the similarities and differences in the induction of CD4+ and CD8+ T M cells in the mucosal and systemic compartments in humans.
Results
Oral Ty21a-immunization induces differential homing and retention of CD4+ and CD8+ T cells
The impact of oral Ty21a immunization on the induction of both mucosal and systemic CD4+ and CD8+ T cells, and the relationship of their induction in each individual volunteer has not been determined. To directly address this issue, we first characterized CD8+ and CD4+ T cells subsets from freshly isolated TI LPMC (Figure 1(a) ) and PBMC (Figure 1(b) ) obtained from concurrent biopsies and blood, respectively, of Ty21a vaccinated (n = 12) and unvaccinated (n = 18) volunteers. A representative example of the gating strategy for these studies is shown in Figure 1 . We observed that effector memory T cells (T EM ) (CD62L-CD45RA-) constitute the predominant T M population in both LPMC CD4+ (~75%) and CD8+ (~65%) present at the TI mucosa (Figure 1(a) ). Terminally differentiated effector memory T cells (T EMRA ) (CD62L-CD45RA+) and central memory T cells (T CM ) (CD62L+CD45RA-) represent relatively minor populations in LPMC CD4+ and CD8+ T subsets in the TI mucosa (Figure 1  (a) ). Figure 1(b) shows a representative distribution of CD4+ and CD8+ T memory subsets in PBMC, in which lower levels of CD4+ T EM (~25.1%) and higher CD8+ T EM (~35.5%) are typically present (Figure 1(b) ). We also determined the expression of CD69, an activation/retention marker 36 on the CD4+ and CD8+ T M subsets in both tissues (Figure 1(a,b) ). We observed high levels of expression of CD69 in both CD4+ and CD8+ T M subsets obtained from terminal ileum LPMC, but not in those from PBMC ( Figure 1(a,b) ).
Recently, we have reported that oral Ty21a immunization influences the ex vivo expression of homing molecules on peripheral blood CD4+ 34 ) and CD8+ T cells, 35 and their subsequent retention in the terminal ileum mucosa (site of infection). However, the relationship between the homing pattern of CD4+ and CD8+ T in blood and potential retention at the TI mucosa following Ty21a immunization had not yet been explored. To enable a direct comparison and explore the relationship of the induction of CD4+ and CD8+ T M subsets, we sampled simultaneously blood and TI biopsies from each individual and characterized the expression of homing and activation molecules, as well as the functional properties of LPMC and PBMC. To this end, we first compared the ex vivo frequencies of CD4+ and CD8+ T cells obtained concurrently from TI biopsies and their corresponding PBMC expressing the homing markers integrin α4β7, CCR9 and CCR6. Interestingly, no significant differences in the frequencies of CD4+ T cells and CD8+ T cells expressing integrin α4β7 were detected between these tissues (TI LPMC and PBMC) regardless of vaccination status (Figure 2(a) ). Moreover, no significant differences in the frequencies of CCR9+ between CD4+ and CD8+ T cells were observed in PBMC from unvaccinated volunteers (Figure 2(b) ). However, we noted a trend (p = 0.09) towards increased frequencies of CCR9+ CD8+ T cells when compared to CD4+ T cells in the TI mucosa in unvaccinated volunteers (Figure 2(b) ). This difference was accentuated following Ty21a-immunization as evidenced by significantly higher frequencies of CCR9+ in CD8+ when compared to those in CD4+ T cells, suggesting that CD8+ T accumulate in the TI mucosa to a larger extent than CD4+ T cells (Figure 2(b) ). Note that no significant differences between CD4+ and CD8+ T cells in the frequencies of cells expressing CCR9 in peripheral blood were detected following Ty21a immunization (Figure 2(b) ). We subsequently compared the frequencies of integrin α4β7+ CCR9+ double positive cells between CD4+ and CD8+ T cells in LPMC and PBMC in both groups of volunteers. Similar to what we observed with CCR9 expression (Figure 2(b) ), no significant differences in the frequencies of integrin α4β7+ CCR9+ between CD4+ and CD8+ T cells were found in peripheral blood of unvaccinated volunteers (Figure 2(c) ), although a trend (p = 0.06) to increased frequencies in integrin α4β7+ CCR9+ on CD8+ T cells over those in CD4+ T cells was observed in the TI mucosa in unvaccinated volunteers (Figure 2(c) ). Following Ty21a immunization, we observed significantly higher frequencies of integrin α4β7+ CCR9+ expressing cells in CD8+ than in CD4+ T cells present in the TI mucosa (Figure 2(c) ). We also noted that there were no significant difference in CCR9 and integrin α4β7 co-expression between CD4+ and CD8+ T cells in peripheral blood following Ty21a immunization (Figure 2(c) ). Finally, we also compared the frequencies of CD4+ and CD8+ T cells expressing the homing marker CCR6 in PBMC and LPMC obtained from both groups. No significant differences were observed in the frequencies of CD4+ and CD8+ T cells expressing CCR6 in LPMC regardless of Ty21a immunization ( Figure 2(d) ), although we noted in the unvaccinated cohort that CD8+ T cells expressed significantly higher CCR6 than CD4+ T cells in peripheral blood (Figure 2(d) ), a finding that was not present following Ty21a immunization (Figure 2(d) ). Taken together, these data suggest that CD8+ T cells either expressing CCR9 or co-expressing integrin α4β7 and CCR9 may accumulate in higher proportions than their CD4+ counterparts in the local TI mucosa following Ty21a immunization.
Because significant proportions of both CD4+ and CD8+ T cells expressed integrin α4β7, CCR9 and CCR6 which are influenced by oral Ty21a immunization in both tissues, albeit differently and particularly in the gut microenvironment, we explored the relationship of the expression of homing molecules between CD4+ and CD8+ T cells in each individual volunteer. To this end, we performed Spearman correlation tests of the expression of homing molecules between CD4+ and CD8+ T cells in both tissues obtained from Ty21a vaccinated and unvaccinated volunteers. We observed that in unvaccinated volunteers, the frequencies of LPMC and PBMC expression of homing markers (integrin α4β7, and/or CCR9) expressed on CD4+ T cells were not correlated with their CD8+ T cells counterparts (Table 1) . However, the frequencies of CCR6+ CD4+ were positively correlated to their CD8+ T cells counterparts in LPMC (trend) and PBMC (significant) ( Table 1) . Interestingly, following Ty21a vaccination, the frequencies of LPMC homing molecules (integrin α4β7 and CCR6) expressed on CD4+ T cells were significantly positively correlated to their CD8+ T cells counterparts (Table 1) . In contrast, no significant correlations were observed between PBMC CD4+ and CD8+ T cells expressing integrin α4β7+ or CCR9+, integrin α4β7+ CCR9+ or CCR6+ following Ty21a vaccination (Table 1) .
Differences in systemic and mucosal CD4+ and CD8+ T S. Typhi responsive cells following Ty21a immunization
We have recently demonstrated that oral Ty21a immunization elicits significantly higher single and multifunctional (MF) S. Typhi responsive cells from CD4+ T EM 34 and CD8+ T EM 35 obtained from terminal ileum biopsies and peripheral blood. However, to date, the relationship between the elicited specific cell mediated responses of CD4+ and CD8+ T EM in blood and TI mucosa following Ty21a immunization has not been explored. To address this key issue, we compared the CD4+ and CD8+ T EM S. Typhi-specific net responses in each individual volunteer, whether Ty21a-vaccinated (n = 12) or unvaccinated (n = 18), to determine the relationship between the induction of these key cell types and subsets following Ty21a immunization. In these studies we sampled simultaneously blood and TI biopsies from each individual and stimulated the cells using identical conditions (S. Typhiinfected and uninfected EBV) and measured cells expressing a single function as well as the multifunctionality of the responses using Winlist's FCOM function. To this end, LPMC and PBMC CD4+ and CD8+ T EM responses were analyzed for the production of multiple cytokines/chemokines (IFNγ, TNFα, IL-2, IL-17A and MIP1β) and/or CD107a expression as shown by the representative cytograms in Figure 3 . Higher levels of cytokines (IFNγ and IL-17A) and higher expression of cytotoxic marker CD107a were observed following stimulation with S. Typhi-infected targets than uninfected targets in both CD4+ and CD8+ T EM in the tissues (LPMC and PBMC) (Figure 3 ). S. Typhi-specific responding cells were characterized as either single cytokine producers/CD107a expressors (S; e.g., IFNγ+ but negative for the other 5 functions evaluated) or multifunctional (MF; defined as the sum of all ( Figure 4(a) ). Interestingly, we observed significantly higher CD107a+CD8+ T EM MF than CD107a+CD4+ T EM MF responses in peripheral blood regardless of Ty21a immunization (Figure 4(a) ). Similarly, we observed that the frequencies of CD107a+CD8+ T EM MF in LPMC were significantly higher than in their CD4+ T EM counterparts regardless of Ty21a immunization ( Figure 4(b) ). Next, we examined the IFN-γ responses for multi-functionality in Ty21a-vaccinees and controls. Interestingly, we observed that in unvaccinated volunteers, PBMC IFNγ+ CD8+ T EM MF frequencies were higher than their PBMC CD4+ T EM counterparts (Figure 4(c) ). However, following Ty21a immunization, no significant differences were observed in PBMC IFNγ+ MF between CD8+ and CD4+ T EM (Figure 4(c) ). In contrast, in the TI mucosa, no significant differences were noted for LPMC IFNγ+ S and MF between CD8+ and CD4+ T EM in unvaccinated volunteers (Figure 3(d) ). However, following Ty21a immunization, we observed that there was significant (p < 0.05) increase in LPMC IFNγ+ MF in CD8+ than in CD4+ T EM (Figure 3(d) ).
We then evaluated multifunctional IL-17A responses in both CD4+ and CD8+ T EM in Ty21a vaccinees and controls. Remarkably, the responses associated with IL-17A production followed somewhat similar patterns as those of IFNγ responses. No significant differences were observed in PBMC IL-17A+ S and MF between CD8+ and CD4+ T EM in unvaccinated volunteers (Figure 3(e) ). However, we observed a trend (p = 0.1) towards increased responses in PBMC IL-17A+ CD8+ T EM MF than in their CD4+ T EM counterparts following Ty21a immunization (Figure 3(e) ). Similarly, in the TI mucosa, no significant differences were noted for LPMC IL-17A S and MF between CD8+ and CD4+ T EM in unvaccinated volunteers (Figure 3(f) ). However, following Ty21a immunization, we observed that there were significant (p < 0.05) increases in the frequencies of LPMC IL-17A+ CD8+ T EM MF compared with their CD4+ T EM counterparts (Figure 3(f) ).
Finally, we determined CD4+ and CD8+ T EM responses associated with MIP1β in LPMC and PBMC obtained from Ty21a-vaccinees and unvaccinated volunteers. Interestingly, we observed that the frequencies of PBMC MIP1β+ CD8+ T EM MF was significantly higher than their CD4+ T EM counterparts (Figure 3(g) ) in unvaccinated volunteers. Following Ty21a immunization, we noted a trend in the frequencies of PBMC MIP1β+ CD8+ T EM S to show higher response than their CD4+ T EM counterparts. No significant differences were noted in PBMC MIP1β+ MF between the two subsets following vaccination (Figure 3(g) ). In contrast, in the TI mucosa, no significant differences were noted for LPMC MIP1β S and MF between CD8+ and CD4+ T EM in unvaccinated volunteers (Figure 3(h) ). However, following Ty21a immunization, we observed that there were significant (p < 0.0005) increases in the frequency of LPMC MIP1β+ CD8+ T EM MF when compared to their CD4+ T EM counterparts (Figure 3(h) ). Taken together, these data suggest that there are marked differences in the responses between the systemic and mucosal compartments.
Correlation between CD4+ and CD8+ T M S. Typhi responsive cells following Ty21a immunization in the systemic and mucosal compartments Understanding the generation and maintenance of antigenspecific CD4+ and CD8+ T M subsets at the site of infection and in peripheral blood is important given the complexity in obtaining pristinely isolated mucosal T cells in vaccinated and unvaccinated healthy humans. Because CD4+ and CD8+ T M subsets are elicited specifically following oral Ty21a immunization in both the lamina propria and blood compartments, with particular characteristics, we explored the relationship between the generation of S. Typhi specific immune responses between CD4+ and CD8+ T EM in each individual volunteer. To this end we performed Spearman correlation tests between CD4+ T EM and CD8+ T EM S and MF responses in both tissues obtained from Ty21a vaccinated (n = 12) and unvaccinated (n = 18) volunteers.
Interestingly, we observed that in unvaccinated volunteers, the frequencies of LPMC CD4+ T EM MF (CD107a, IFN-γ, TNF-α and MIP1β), but not S, responses were significantly positively correlated with those of their CD8+ T EM counterparts (Table 2) . However, following Ty21a immunization, the frequencies of LPMC CD4+ T EM S (CD107a and MIP1β) and MF (IFN-γ, TNF-α, IL-17A and MIP1β) responses were significantly positively correlated with those observed in CD8+ T EM (Table 2 ). In contrast, we observed that in unvaccinated volunteers, the frequencies of PBMC CD4+ T EM S (IFN-γ) and MF (CD107a and IFN-γ) and (h) LPMC MIP1β+ MF and Si in Ty21a-vaccinated (n = 12; red symbols) and unvaccinated volunteers (n = 18; black symbols) with significant differences shown (*P < 0.05; **P < 0.005). p values for trends were also indicated. Horizontal black bars represent median values.
responses were significantly positively correlated to those of CD8+ T EM (Table 2 ). However, following Ty21a immunization, the frequencies of PBMC CD4+ T EM S (IFN-γ, positively) and MF (TNF-α; negatively) responses were significantly correlated to those observed in CD8+ T EM (Table 2) . Taken together, these data showed remarkable similarities, as well as differences, in CD4+ and CD8+ responses in the systemic and mucosal compartments.
Because both, CD4+ and CD8+ have two relatively minor T M population (T CM and T EMRA ) that also responded specifically to Ty21a immunization, we also explored the relationship between the generation of S. Typhi specific immune responses between CD4+ and CD8+ T CM and T EMRA in each individual volunteer. To this end we performed Spearman correlation tests between CD4+ T CM and CD8+ T CM and CD4+ T EMRA and CD8+ T EMRA responses in both tissues obtained from Ty21a vaccinated (n = 12) and unvaccinated (n = 18) volunteers.
Interestingly, we observed that in unvaccinated volunteers, the frequencies of LPMC CD4+ T CM (IFN-γ, TNF-α and IL-17A) responses exhibited trends to be positively correlated to those in CD8+ T CM (Table 3 (a)). However, following Ty21a immunization, the frequencies of LPMC CD4+ T CM were correlated to their CD8+ T CM counterparts for IFN-γ and IL-2 (trend; positively), TNF-α (significant; positively) and for IL-2 (significant; positively) and IL-17A (significant; negatively) responses (Table 3(a) ). Remarkably, we observed that in unvaccinated volunteers, no significant correlations were apparent between the frequencies of LPMC CD4+ T EMRA and their CD8+ T EMRA counterparts (Table 3(b) ). However, following Ty21a immunization, the frequencies of LPMC CD4+ T EMRA producing IFN-γ responses were negatively correlated to their CD8+ T EMRA counterparts (Table 3(b) ). These data evidenced marked differences in CD4+ and CD8+ T M subset responses in the human mucosa microenvironment.
Discussion
One of the critical components of the adaptive immune system are T lymphocytes which orchestrate both cellular and humoral immune responses at various sites of infection providing long term protection against pathogens. CD4+ and CD8+ T subsets constitute the major players and are comprised of multiple helper, memory and effector subsets which in concert contribute to effectively protect the host. Thus, it is vital to understand CD4+ and CD8+ T cell-mediated immunity (T-CMI) at the site of infection and systemically, as well as the relationship between these two subsets as part of vaccine development efforts. Here, we determined the relationship between CD4+ and CD8+ T cells obtained from human terminal ileum biopsies and peripheral blood following oral immunization with the attenuated oral typhoid vaccine Ty21a.
We observed that Ty21a immunization (i) influences the homing and accumulation of both CD4+ and CD8+ effectors in the TI, particularly CD8+ T cells co-expressing integrin α4β7+ and CCR9 +, (ii) results in significant positive correlations in the expression of integrin α4β7 and CCR6 between LPMC CD4+ and CD8+ T cells; (iii) elicits significantly higher frequencies of LPMC S. Typhi responsive CD8+ T multifunctional (CD107a, IFNγ, IL-17A and/or MIP1β) cells than their CD4+ T counterparts in the TI, the preferred site of infection for S. Typhi 17, 38 ; and (iv) results in the positive correlation of LPMC CD4+ T EM S. Typhi responses (CD107a, IFNγ, TNFα, IL-17A and/or MIP1β) to their LPMC CD8+ T EM counterparts. Moreover, we showed that the positive correlation between CD4+ T EM and CD8+ T EM occur primarily in TI LPMC rather than in peripheral blood following Ty21a immunization, suggesting that the TI LPMC CD4+ and CD8+ T subsets are different than those present in circulation. Based on these data, we surmise that oral Ty21a immunization elicits, as we have previously reported, 34, 35 both CD4+ and CD8+ S. Typhi-specific T M subsets in the terminal ileum mucosa and blood and hypothesized that these subsets are induced in concert and coordinate the host mucosal and systemic immune responses likely to contribute to effective protective (e.g., T C 1, T H 1, T C 17 and T H 17) immunity against S. Typhi.
In order to design effective vaccines capable of eliciting broad T-CMI against intracellular pathogens such as S. Typhi, Table 3 . Spearman correlation analysis of CD3+ CD4+ and CD3+ CD8+ (A) T CM and (B) T EMRA S. Typhi-specific responses in LPMC and PBMC obtained from unvaccinated (n=18) and Ty21a-vaccinated (n=12) volunteers.
CD4+ vs CD8+ T CM (Spearman r)
CD4+ vs CD8+ T EMRA (Spearman r) a clear understanding of the required signals for the development and maintenance of memory CD4+ and CD8+ T cells at the site of infection (e.g., TI) is needed. CD8+ T cells play an important role in immunity to intracellular pathogens (e.g., S. Typhi) through multiple mechanisms including killing of infected targets, as well as the secretion of cytokines such as IFNγ and TNFα. 20, 27, 35 CD8+ T cells are activated through the recognition of specific peptides presented by classical and non-classical MHC class I on antigen-presenting cells (APCs) and by co-stimulatory signals and cytokines provided by APCs. In addition to CD8+ cells, CD4+ T cells also play an important role in immunity by providing help and coordination of both cellular and humoral immune responses to pathogens, including S. Typhi. 28, 39 In fact, CD4+ T cells are essential for the induction of memory CD8+ T cells following infection or immunization. 40 CD4+ T cells are activated through the recognition of specific peptides presented by MHC class II on APCs and by co-stimulatory signals and cytokines. Both CD4 and CD8 T cells acting in concert can effectively coordinate immune responses to effectively protect the host. Here, we showed that there are multiple positive correlations (either trends or significant) between CD4+ and CD8+ T cell (expression of CD107a and/or production of IFNγ, TNFα, IL-17A and MIP1β) responses (particularly MF) in the TI mucosa and PBMC even before immunization, likely to be the result of cross-reactivity in memory responses elicited by previous exposure to other Salmonella serovars [41] [42] [43] or other Enterobacteriaceae, including those present in the normal gut microbiota. 27, [44] [45] [46] However, following oral Ty21a immunization, these positive correlations between the responses of the two subsets are more accentuated (e.g., IFNγ MF). In addition, we observed that the positive correlation of responses between CD4+ and CD8+ T cells are much stronger in the TI mucosa than in peripheral blood. These results argue that oral Ty21a immunization elicits both CD4+ and CD8+ specific T cells and that these responses are compartmentalized, with stronger responses localized in the gut microenvironment, as shown by major differences in correlations between TI LPMC and PBMC. Taken together, these results suggest that the signal requirements for eliciting and maintaining interactions between CD4+ and CD8+ T cells may be dependent on the microenvironment at the site of infection, hence, they are likely to be tissue specific.
Interestingly, the homing patterns (integrin α4β7, CCR9 and CCR6) displayed on CD4+ and CD8+ T cells obtained from PBMC were not significantly different following Ty21a immunization. In contrast, in the TI mucosa, CD8+ T cells expressing either CCR9 alone or co-expressing integrin α4β7 and CCR9 were significantly higher than their CD4+ T cells counterparts following Ty21a immunization. Moreover, we noted that there were significant positive correlations of the expression of integrin α4β7 and CCR6 between CD4+ and CD8 + T cells following Ty21a immunization. Taken together, these observations argue in favor of recruitment and retention of specific CD8+ and CD4+ T cells at the mucosa, particularly CCR9+ and integrin α4β7+ CCR9+ cells. Thus, we hypothesized that oral Ty21a immunization results in an accumulation of effectors at the site of infection, likely by an expansion of local T cells, as well as recruitment of S. Typhi-specific responsive cells from circulation. Of note, these CD4 and CD8 T effector cells that accumulate in the mucosa exhibit a multifunctional phenotype which could be a major determinant in protection against S. Typhi. This observation adds further support to our recent report that S. Typhi-specific CD8 + MF responses correlate with protection against typhoid and delayed disease onset in humans challenged with wt S. Typhi. 47 Taken together, these results suggest that the development of a highly efficacious Salmonella vaccine might need to induce MF CD4+ and CD8+ T EM cells in the mucosal microenvironment. These observations also provide novel insights to advance the development of oral vaccines for enteric pathogens other than S. Typhi, including Shigella and ETEC.
Remarkably, we also noted that there is no significant correlation between CD4+ and CD8+ T EM or T EMRA IL-2 responses in either the mucosa or PBMC regardless of vaccination status. However, we observed a positive correlation regarding IL-2 production by LPMC CD4+ and CD8+ T CM from Ty21a vaccinated participants. We speculate that IL-2 produced by T CM , and perhaps other subsets, is important in the local microenvironment to support the expansion of antigen-specific CD4+ and CD8+ T EM cell populations and maintenance of regulatory T cells (T REG ) following Ty21a-immunization or challenge with wt S. Typhi. 48 We also observed that correlation of responses between CD4+ and CD8+ T cells from different T M subsets varies substantially in the mucosa following Ty21a immunization. For example, T EMRA subset showed no correlations in the responses between CD4+ and CD8+ T cells. This may suggest that these terminally activated effectors play unique roles following Ty21a immunization in the terminal ileum. Finally, we noted that the correlation of TNFα responses between CD4+ and CD8+ T EM are positively correlated in LPMC but negatively correlated in PBMC. This observation provide further evidence of differences in elicitation of CD4+ and CD8+ T cells between the systemic and mucosal compartments.
There are few limitations in this study. In particular, due to the invasive nature and difficulty in obtaining terminal ileum biopsies by colonoscopy in participants, we were limited to obtaining TI biopsies at a single time point. In future studies we will assess mucosal immunity at additional time points to obtain key information on the dynamics of the generation of S. Typhi responsive cells by both CD4 and CD8 T cells subsets because of the likelihood that CD4 and CD8 responses have different kinetics, as well as to study persistence of the responses. In addition, at present it is unclear whether the sampling time (14-21 days after oral Ty21a vaccination) of PBMC and LPMC specimens is the best to observe the effect of vaccination. Finally, we observed that CD8 T cell responses appear to be dominant following stimulation with S. Typhiinfected targets. One caveat in this interpretation is that T-CMI against S. Typhi mediated by CD4 and CD8 T cells is likely to depend on the nature of the stimulant, as we have previously shown. 27, 29, 39, 49 CD4 cells are more prone to respond to S. Typhi soluble antigens while CD8 + cells were more likely to be activated by S. Typhi-infected targets. 39 Because of limitations in the numbers of LPMC cells available we could only use S. Typhi-infected targets as the stimulant. Thus, it is possible that this may have exerted some influence in the differences observed in the relative magnitudes of the responses between CD4 and CD8 cells. Nonetheless, this first observation of differences in the magnitudes and correlations of CD4 and CD8 T cell responses measured in the individual volunteers under identical in vitro stimulation conditions elicited by oral Ty21a immunization contribute much needed new information to advance our understanding of the generation of effector and memory CD4 and CD8 T cells in the mucosal and systemic compartments following oral Ty21a immunization.
In conclusion, we have identified key differences and similarities in the S. Typhi-specific CD4+ and CD8+ T M responses elicited by oral Ty21a immunization in the systemic and mucosal compartments. Furthermore, our data offer major insights into the S. Typhi-specific CD4+ and CD8+ T M responses elicited in the TI mucosa and suggest that these responses are due to local immunomodulatory pathways capable of influencing T cell activation, expansion and differentiation, resulting in unique phenotypes and specificities which only partially overlap with those in the systemic compartment.
Materials and methods

Volunteers, immunization and sample collection
Volunteers undergoing routine colonoscopies who had no history of typhoid fever were recruited from the BaltimoreWashington metropolitan area and University of Maryland, Baltimore campus. Written informed consent was obtained from volunteers and all procedures were approved by the University of Maryland, Baltimore Institutional Review Board (IRB). Volunteers (demographics shown in Table 4 ) were assigned to two groups. The first group (n = 12) received the four recommended doses of Ty21a vaccine (Vivotif entericcoated capsules; Crucell, Bern, Switzerland) while volunteers assigned to the second group were not vaccinated (control group) (n = 18) as shown in the study design ( Figure 5 ). Blood samples were collected at least 21 days before colonoscopy (preimmunization) and on colonoscopy day (day 0) together with TI biopsies using large capacity forceps ( Figure 5 ). PBMC were isolated immediately after blood draws by density gradient centrifugation following standard techniques. 30 Isolation of lamina propria mononuclear cells (LPMC) from terminal ileum biopsies TI-LPMC were freshly isolated using an optimized procedure as previously described. 35, 50, 51 Briefly, following collection of terminal ileum biopsies from routine colonoscopy volunteers, tissues were treated with HBSS (without CaCl 2 , MgCl 2 , MgSO 4 ) (Gibco, Carlsbad, CA) and EDTA (1 mM; Ambion, Grand Island, NY) to remove intraepithelial cells (IEL). Then, the biopsies were enzymatically digested using collagenase D (100 μg/ml; Roche, Indianapolis, IN) and DNase I (10 μg/ml; Affymetrix, Cleveland, OH)), followed by homogenization with a Bullet Blender homogenizer (Next Advance Inc, Averill, NY). After homogenization, LPMC cells were then isolated by centrifugation, followed by a wash and resuspension in complete medium (cRPMI) ( Figure 5 . Study design. Oral typhoid vaccine Ty21a dose schedule (4 doses at −21 to −14 days) and time of collection of specimens (blood and terminal ileum (TI) biopsies) from volunteers undergoing routine screening colonoscopies. Autologous EBV-B cells were generated from pre-immunized blood.
cytometry panel and analyzed using a customized LSR-II instrument (BD, Franklin Lakes, NJ).
Target cell preparation
Autologous Epstein-Barr virus (EBV)-transformed lymphoblastoid cell line (EBV-B cells) were generated from each participant's pre-immunization PBMC (Figure 1 ) as previously described. 19, 30, 35 Briefly, autologous EBV-B cells were generated by incubation of PBMC with EBV-containing supernatant from the B95-8 cell line (ATCC CRL1612) and cyclosporine (0.5 μg/ mL; Sigma-Aldrich, Saint-Louis, MO) at 37°C with 5% CO 2 . After transformation, EBV-B were kept in culture in cRPMI until used in the experiments.
S. Typhi infection of target cells
Autologous target cells (EBV-B) generated as described above were infected with wt-S. Typhi strain ISP1820 at a multiplicity of infection of 7:1 as previously described. 19, 30, 35 Briefly, targets and bacteria were incubated for 3 h at 37°C in RPMI without antibiotics, washed three times with cRMPI and cultured overnight with cRPMI containing 150 μg/ml gentamicin. S. Typhi-infected and uninfected cells were gamma-irradiated (6,000 rad) for 6 mins before being used as "targets" for ex vivo TI LPMC and PBMC stimulation. The efficiency of the infection with S. Typhiinfected EBV-B was confirmed by staining with anti-Salmonella common structural Ag (CSA-1)-FITC (Kierkegaard and Perry, Gaithersburg, MD) and analysis by flow cytometry as previously described. 18 
Stimulation of PBMC and terminal ileum LPMC
Freshly isolated TI-LPMC and PBMC were used as effector cells as previously described. 35, 51 Briefly, LPMC and PBMC were cocultured with either non-infected or S. Typhi-infected EBV-B (MOI of 7). LPMC and PBMC cultured with media only or in the presence of α-CD3/CD28 (Life technologies, Grand Island, NY) were used as negative and positive controls, respectively. At the time of stimulation, anti-human CD107a-FITC (5 μl; H4A3, BD, San Jose, CA) was added. The CD107a antibody is a functional marker for degranulation and considered a measure of cytotoxicity, a mechanism essential for the killing of S. infected targets by T cells. 37 After 2 hours, 0.5 μl of Golgi Stop (Monensin, BD) and Golgi Plug (Brefeldin A, BD) were added and cultures continued overnight at 37°C in 5% CO 2 .
Surface and intracellular staining
Following stimulation, PBMC and TI-LPMC were stained for flow cytometry analysis as previously described. 35, 50 Briefly, PBMC and LPMC were stained for live/dead discrimination (YEVID) (Invitrogen, Carlsbad, CA) followed by blocking of Fc receptors using human immunoglobulin (3 µg/mL; Sigma). Next, the cells were surface stained with fluorescently labeled monoclonal antibodies (mAbs) directed to CD13-Pacific Orange (Conjugated in house), CD19-BV570 (HIB19, Biolegend), CD3-BV650 (OKT3, Biolegend), CD4-PE-Cy5 (RPA-T4, BD), CD8-PerCP-Cy5.5 (SK1, BD), CD45RA-biotin (HI100, BD), CD62L-APC-A780 (DREG-56, Ebioscience) and integrin α 4 β 7 -A647 (ACT1; conjugated in house) at 4°C for 30 min. Cells were washed with wash buffer and stained with streptavidin (SAV)-Qdot800 (Invitrogen) at 4°C for 30 min. Next, the cells were fixed and permeabilized using IC fixation and permeabilization buffers (8222/8333, eBioscience) according to the manufacturer's recommendations. This was followed by intracellular staining with mAbs directed to IL-17A-BV421 (BL168, Biolegend), IFNγ-PE-Cy7 (B27, BD), CD69-ECD (TP1.55.3, Beckman Coulter, Danvers, MA), and MIP-1β-PE (IC271P, R&D) which was performed at 4°C overnight. After staining, cells were stored in 1% paraformaldehyde at 4°C until data collection. Using a customized LSRII flow cytometer (BD), the data were collected and analyzed using the WinList version 7 (Verity Software House, Topsham, ME) software package. S. Typhi-specific responses were expressed as net percentage of positive cells (background after stimulation with uninfected cells were subtracted from values obtained with S. Typhiinfected stimulators). This WinList package includes the FCOM function, a subroutine analysis whereby the multifunctionality of the responses on a single cell basis can be determined and thus enabling the classification of events based on combinations of selected gates. This function informs whether particular cells are single producing cells or produced two or more cytokines and/or express surface markers simultaneously.
Surface and intracellular staining for homing markers
Freshly isolated TI LPMC and PBMC were characterized for homing markers. Briefly, PBMC and LPMC were stained for live/dead discrimination (YEVID) (Invitrogen, Carlsbad, CA) followed by blocking of Fc receptors using human immunoglobulin (3 µg/mL; Sigma). Next, the cells were surface stained with fluorescently labeled mAbs directed to CD13-Pacific Orange (Conjugated in house), CD19-BV570 (HIB19, Biolegend), CD3-BV650 (OKT3, Biolegend), CD4-V450 (RPA-T4, BD), CD8-APC -H7 (SK1, BD), CCR9-APC (FAB1791A, R&D Systems), CCR6-biotin (11A9, BD), and integrin α 4 β 7 -A647 (ACT1; conjugated in house) at 4°C for 30 min. Cells were washed with wash buffer and stained with streptavidin (SAV)-Qdot800 (Invitrogen) at 4°C for 30 min. Next, the cells were fixed and permeabilized using IC fixation and permeabilization buffers (8222/8333, eBioscience) according to the manufacturer's recommendations. This was followed by intracellular staining with mAbs directed to IL-17A-PerCP-Cy5.5 (N49-653, BD), IFNγ-PE-Cy7 (B27, BD), and CD69-ECD (TP1.55.3, Beckman Coulter, Danvers, MA), which was performed at 4°C overnight. After staining, cells were stored in 1% paraformaldehyde at 4°C until data collection. Using a customized LSRII flow cytometer (BD), the data were collected and analyzed using the WinList version 7 (Verity Software House, Topsham, ME) software package.
Statistical analysis
Data were analyzed using the statistical software GraphPad Prism TM version 6.03 (Graphpad, San Diego, CA, USA). We present the data as net responses by subtracting the responses to EBV. The net increases in the percentages of positive cells were calculated by subtracting the responses in the uninfected targets from those in the presence of S. Typhi-infected targets. Statistical differences in median values between two groups were determined using Mann-Whitney tests. Wilcoxon Matched pair tests were used to assess statistical differences between CD4+ and CD8+ paired responses. Correlations (CD4+ v/s CD8 + S Typhi-specific responses or homing markers expression) were evaluated using Spearman correlation tests.
